Promoter recognition in bacteria is mediated primarily by the subunit of RNA polymerase (RNAP), which makes sequencespecific contacts with the promoter ؊10 and ؊35 elements in the context of the RNAP holoenzyme. However, the RNAP ␣ subunit can also contribute to promoter recognition by making sequence-specific contacts with upstream (UP) elements that are associated with a subset of promoters, including the rRNA promoters. In Escherichia coli, these interactions between the RNAP ␣ subunit (its C-terminal domain [CTD], in particular) and UP element DNA result in significant stimulation of rRNA transcription. Among the many cellular and bacteriophage-encoded regulators of transcription initiation that have been functionally dissected, most exert their effects via a direct interaction with either the or the ␣ subunit. An unusual example is provided by a phage-encoded inhibitor of RNA synthesis in Staphylococcus aureus. This protein, phage G1 gp67, which binds tightly to in the context of the S. aureus RNAP holoenzyme, has recently been shown to exert selective effects on transcription by inhibiting the function of the ␣ subunit CTD (␣CTD). Here we report the development of a gp67-responsive E. coli-based transcription system. We examine transcription in vitro from promoters that do or do not carry the UP element associated with a well-characterized E. coli rRNA promoter. Our findings indicate that the ␣CTD can increase promoter activity significantly even in the absence of an UP element. We also find that gp67 can exert ␣CTD-dependent or ␣CTD-independent effects on transcription depending on the particular promoter, indicating that the mechanism of gp67 action is context dependent.
T ranscription in bacteria depends on a single multisubunit core enzyme with the subunit structure ␣ 2 ␤␤= (1). This core enzyme is catalytically proficient but incapable of recognizing specific promoter sequences until it combines with a factor, forming the holoenzyme. All bacteria contain a primary factor responsible for the bulk of transcription during the exponential phase of growth, as well as one or more alternative factors that have more-specialized functions (2) . Primary factors share four regions of conserved sequence (regions 1 to 4) (3, 4) . Regions 2 and 4 contain the critical promoter recognition modules (5-7) as well as essential core interaction determinants, with region 2 binding the clamp helices of the ␤= subunit and region 4 binding the flap domain of the ␤ subunit (the ␤-flap) (8) (9) (10) . Within the promoter, regions 2 and 4 contact the conserved Ϫ10 and Ϫ35 elements, respectively (6) . Certain promoters contain additional elements that are recognized by , including the extended Ϫ10 motif (11, 12) and the discriminator (13, 14) , which are located just upstream and downstream of the Ϫ10 element, respectively. In conjunction with some subset of these recognition elements (which necessarily includes the Ϫ10 element), certain promoters contain an AϩT-rich element located upstream of the Ϫ35 element, known as the UP element, which is recognized by the C-terminal domains (CTDs) of the two ␣ subunits (15, 16) . Among those promoters that depend on an UP element for full activity are the rRNA promoters in both Escherichia coli (16) and Bacillus subtilis (17) .
The study of bacteriophage-encoded regulators of transcription has provided invaluable insight into the function of the bacterial transcription apparatus. In particular, the identification of regulators that interact directly with the bacterial RNA polymerase (RNAP) and alter its function to support phage growth has provided a set of tools for probing RNAP function during transcription initiation, elongation, and termination (18, 19) . Phage G1 gp67 was originally identified on the basis of its ability to inhibit cell growth and RNA synthesis when produced in Staphylococcus aureus (20) . Consistent with its effect on transcription, gp67 was subsequently shown to associate with Staphylococcus aureus RNAP (21) . In particular, gp67 interacts directly with region 4 of the primary factor in S. aureus, A , and this interaction is stable in the context of the S. aureus holoenzyme (21, 22) . Thus, gp67 exerts its effect on transcription as a component of the A -containing S. aureus holoenzyme. Furthermore, experiments performed with S. aureus and in vitro with S. aureus RNAP indicate that gp67 functions selectively, inhibiting transcription from the rRNA promoters and certain others but evidently not influencing transcription from the majority of cellular promoters (22) . Detailed analysis suggests that the explanation for this selectivity is that gp67 interferes with the function of the ␣ subunit CTD (␣CTD), preventing it from interacting productively with UP element DNA (22) .
Although E. coli RNAP and E. coli promoters are much better characterized than their S. aureus counterparts, the use of wild-type E. coli RNAP for the analysis of gp67 function has not been feasible, because gp67 does not interact with E. coli 70 (the primary factor in E. coli) (21, 22) . Furthermore, although it was originally reported that a hybrid holoenzyme consisting of the E. coli core in complex with S. aureus A is susceptible to the action of gp67 (21) , subsequent work has indicated that gp67 is unable to interact with this hybrid holoenzyme (22) . Having previously identified a limited number of amino acid substitutions in 70 region 4 that enable an interaction with gp67 (22) , we now show that gp67 can associate with the corresponding mutant E. coli RNAP holoenzyme. We use this E. coli-based transcription system to investigate the effect of gp67 on transcription from otherwise identical rRNA promoters that either do or do not contain an UP element, as well as from several other promoters. Our findings indicate that (i) the ␣CTD can increase promoter activity significantly even in the absence of an UP element and (ii) gp67 can exert ␣CTD-dependent and/or ␣CTD-independent effects on transcription as determined by the promoter context.
MATERIALS AND METHODS
Plasmids, strains, and growth conditions. Complete lists of the bacterial strains and plasmids used in this study are provided in Tables S1 and S2 in the supplemental material. E. coli NEB 5-␣ F=I q (New England BioLabs) was used as the recipient strain for all plasmid constructions. All E. coli strains were grown at 37°C in Luria-Bertani (LB) broth or on LB plates supplemented with the appropriate antibiotic(s) at the following concentrations: kanamycin, 50 g/ml; chloramphenicol, 25 g/ml; carbenicillin, 100 g/ml; spectinomycin, 50 g/ml. The 70 depletion strain NUN449 (a derivative of strain CAG20153 [23] ) was grown in liquid culture as a series of dilutions to prevent entry into stationary phase and was grown on plates for fewer than 16 h; both the liquid broth and the plates were supplemented with the inducer of the trp promoter, indole-3-acrylic acid (IAA), at 200 M as necessary.
Functionality of E. coli 70 -quint and gp67-mediated growth inhibition. To assess the functionality of E. coli 70 -quint, the 70 depletion strain NUN449 was transformed with a plasmid encoding wild-type E. coli 70 ( 70 -WT), E. coli 70 -quint (a 70 mutant bearing the corresponding S. aureus A residues at five positions), or no protein under the control of a weak constitutive promoter and was grown in the presence of IAA. Unsaturated overnight cultures were serially diluted and were spotted onto plates with or without IAA. To assess the toxicity of gp67 in E. coli cells, the 70 depletion strain was cotransformed with two compatible multicopy plasmids, one encoding either E. coli 70 -WT or E. coli 70 -quint under the control of a weak constitutive promoter and the other encoding either gp67-His 6 or no protein under the control of an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible promoter. Cultures that were in mid-exponential phase (optical density at 600 nm [OD 600 ], 0.3 to 0.6) after overnight growth were then serially diluted in fresh LB broth and were spotted onto plates supplemented with chloramphenicol, carbenicillin, and spectinomycin either without IPTG or with 20 M IPTG in the absence of IAA. Plates were incubated at 37°C for fewer than 16 h.
Protein expression and purification. E. coli 70 -WT and E. coli 70 -quint proteins bearing an N-terminal His 6 tag were purified from inclusion bodies in BL21(DE3) cells transformed with plasmid pLHN12-His 6 -Eco 70 -WT or pLHN12-His 6 -Eco 70 -quint as described previously (24) . Wild-type E. coli core RNAP for in vitro transcription experiments was purchased from Epicentre. Plasmid-encoded gp67-His 6 was purified from BL21(DE3) cells as described previously (22) , and E. coli core RNAP lacking the ␣CTD (E␣⌬CTD) was prepared as described previously (25) .
In vitro transcription assays. Multiround in vitro transcription reactions using supercoiled templates bearing the promoters shown in Fig. S1 in the supplemental material were performed essentially as described previously (15) , and the reaction mixture was first heated for 1 min at 90°C and then electrophoresed on a 6% urea-polyacrylamide gel. Supercoiled plasmid template DNA was purified as described previously (26) . Bands were visualized by phosphorimaging, and the data were quantified using ImageQuant software. The data reported for all experiments are the averages for at least three independent experiments with standard deviations, normalized at each promoter to the band intensity in the absence of gp67.
One-and two-hybrid assays. For the bacterial two-hybrid assay (27) , reporter strain FW102 O L 2-62 (28) was cotransformed with two compatible multicopy plasmids, one encoding either the ␣ subunit alone or the indicated fusion protein (see Fig. 1 and 4) consisting of ␣ and region 4 of (␣-4 ) and another encoding a CI-S. aureus ␤-flap fusion protein. These plasmids direct the synthesis of the fusion proteins (or ␣) under the control of IPTG-inducible promoters. Individual transformants were selected on plates, and three independent isolates of each were grown overnight in LB broth supplemented with kanamycin, carbenicillin, and chloramphenicol in the absence of IPTG. Overnight cultures were diluted 1:100 and were grown in LB medium supplemented with kanamycin, carbenicillin, chloramphenicol, and 20 M IPTG in microtiter plates to midexponential phase (OD 600 , 0.3 to 0.6). For the bacterial one-hybrid assays to detect Ϫ35 element binding (28, 29) , reporter strain FW102 placConsϪ35C (BN317) (29), BN318, or BN299 (30) was transformed with a single multicopy plasmid encoding either ␣ alone or the indicated ␣-4 fusion protein under the control of an IPTG-inducible promoter. Individual transformants were selected on plates, and three independent isolates of each were grown and assayed as described for the two-hybrid assays with the corresponding antibiotics and IPTG concentrations. To assess the effect of unfused gp67 on Ϫ35 element binding by 4 , strain BN317 was cotransformed with a second compatible multicopy plasmid encoding either unfused C-terminally His 6 -tagged gp67 or no protein under the control of an IPTG-inducible promoter. ␤-Galactosidase assays were performed as described elsewhere using microtiter plates and a microtiter plate reader (31) , and Miller units were calculated as described previously (28, 31) . The results presented below are the averages for the three independent isolates with standard deviations.
RESULTS

Construction of a gp67-responsive E. coli RNAP variant.
We previously used a bacterial two-hybrid system to genetically dissect the protein-protein interaction between gp67 and S. aureus A region 4 ( A 4 ) (Fig. 1A ) (22) . With this system, we identified a minimal set of amino acid differences between (22) . We used this information to construct a 70 variant that was efficiently bound by gp67; this variant ( 70 -quint) bears the corresponding S. aureus A residues at five positions (A553D, A556E, K557N, Q579V, D581G) (22) . We reconstituted the mutant E. coli RNAP holoenzyme (E 70 -quint) in vitro and compared its activity to that of the reconstituted wild-type RNAP holoenzyme (E 70 -WT). Transcription assays performed with several different promoters revealed that E 70 -quint was fully functional (see below).
We used native gel shift analysis to determine whether or not gp67 could associate with E 70 -quint to form a stable ternary complex. The results of this analysis indicated that gp67 associated with E 70 -quint but not with E 70 -WT (Fig. 1B) . gp67 toxicity in a modified strain of E. coli. Based on the results of the two-hybrid and native gel shift analyses, we predicted that gp67 would be toxic when produced in E. coli cells containing 70 -quint but not in cells containing wild-type 70 . To test this prediction, we first assessed the ability of 70 -quint to complement the effects of 70 depletion. To do this, we introduced a plasmid encoding either wild-type 70 or 70 -quint (under the control of a constitutive promoter) into a 70 depletion strain in which the chromosomal rpoD gene is under the control of the trp promoter (23) . Under repressing conditions (in tryptophan-replete medium), rpoD expression is greatly reduced and cell growth is severely compromised. We found that cell growth was restored in the presence of either plasmid, indicating that 70 -quint was fully capable of supporting cell growth (see Fig. S2 in the supplemental material). We then introduced a compatible plasmid directing the inducible synthesis of gp67 into depletion strain cells containing either plasmid-encoded wild-type 70 or plasmid-encoded 70 -quint. We found that gp67 was toxic when produced in depletion strain cells grown in tryptophan-replete medium in the presence of plasmid-encoded 70 -quint, but we detected no toxicity when the cells were grown under the same conditions in the presence of plasmid-encoded wild-type 70 (Fig. 1C) .
Effects of gp67 on UP element-dependent and UP elementindependent transcription. Next, we tested whether or not gp67 exerted promoter-specific effects on transcription in the context of E 70 -quint. We began by assaying transcription in vitro with supercoiled DNA templates bearing the well-characterized rRNA promoter rrnB P1, either lacking (rrnB Ϫ41) or containing (rrnB Ϫ61) its UP element (15) . These plasmids carry a transcription terminator downstream of the test promoter, enabling the identification of a specific transcript by denaturing gel electrophoresis; in addition, they encode the 108-nucleotide (nt) RNA-I transcript, which derives from the plasmid origin of replication and serves as a control Ϫ10/Ϫ35 promoter that does not bear an UP element. We performed the transcription assays with RNAP reconstituted with either wild-type 70 or 70 -quint (E 70 -WT or E 70 -quint). As expected, gp67 did not inhibit transcription from any of the promoters when tested with E 70 -WT (see Fig. S3A and B in the supplemental material). In contrast, gp67 inhibited transcription from all of the promoters when tested with E 70 -quint ( Fig. 2A and B ; see also Fig. S4A and B in the supplemental material). The effect of gp67 on transcription from the promoters lacking UP elements (rrnB Ϫ41 and RNA-I) was unexpected, all the more so because the magnitude of the inhibition was somewhat greater with rrnB Ϫ41 (as much as 7.6-fold) than with rrnB Ϫ61 (as much as 4.9-fold).
In order to assess the extent to which the observed inhibitory effects of gp67 depended on the ␣CTD, we made use of a mutant RNAP core enzyme lacking the ␣CTD (E␣⌬CTD). Previous studies have established that the E␣⌬CTD RNAP holoenzyme is transcriptionally active and capable of promoter-specific transcription initiation (15, 32) . We used the E␣⌬CTD core RNAP to reconstitute a holoenzyme containing either wild-type 70 or 70 -quint (E␣⌬CTD 70 -WT or E␣⌬CTD 70 -quint). As expected, gp67 did not inhibit transcription from any of the promoters when tested with E␣⌬CTD 70 -WT (see Fig. S3A and B in the supplemental material). Furthermore, in the case of the RNA-I promoter, gp67 exerted only a slight inhibitory effect when tested with E␣⌬CTD 70 -quint (Յ25%) ( Fig. 2A and B ; see also Fig. S4A and B in the supplemental material), suggesting that transcription from this promoter depends, in part, on sequence-nonspecific interactions of the ␣CTD with upstream DNA that are disrupted in the presence of gp67. In contrast, the use of E␣⌬CTD 70 -quint revealed that the inhibitory effects of gp67 on transcription from the rRNA promoters (rrnB Ϫ61 and rrnB Ϫ41) were only partially dependent on the ␣CTD and that the extents of ␣CTD dependence were similar for the two promoters ( Fig. 2A and B ; see also Fig. S4A and B in the supplemental material). We conclude that gp67 can inhibit transcription in a manner that does not necessarily depend on the ␣CTD and that the rrnB P1 core promoter is susceptible to this activity of gp67. Our results also reveal UP element-independent effects of the ␣CTD, which are particularly evident at the RNA-I promoter. Although UP element-independent effects of the ␣CTD on transcription from the RNA-I promoter have not been reported previously, previous kinetic experiments have uncovered a substantial effect of sequence-nonspecific interactions between the ␣CTD and upstream DNA on the rate of RNAP association at two well-characterized promoters that lack UP elements (33; see also reference 34).
We tested the effect of gp67 on transcription from another Ϫ10/Ϫ35 promoter by constructing a plasmid vector bearing the bacteriophage late promoter P R= (which lacks an UP element) in place of the rrnB promoter. This vector also contained a consensus extended Ϫ10 promoter positioned within the P R= transcribed region (35) . Extended Ϫ10 promoters are defined by the presence of a TG dinucleotide 1 bp upstream of the Ϫ10 hexamer and typically lack a Ϫ35 element (12) . With this plasmid vector, transcription initiation at P R= produces a transcript of 202 nt, whereas initiation at the extended Ϫ10 promoter produces a transcript of 170 nt. We found that gp67 exerted no inhibitory effect on transcription from the extended Ϫ10 promoter (which lacks both a Ϫ35 element and an UP element) when tested with either E␣⌬CTD 70 -WT or E␣⌬CTD 70 -quint ( Fig. 2C ; see also Fig.  S4C in the supplemental material). The resistance of the extended Ϫ10 promoter to the action of gp67 confirmed that gp67 does not function by sequestering 70 -quint and preventing its association with the core enzyme in the manner of a classic anti-factor (36). Transcription from P R= was also relatively resistant to the action of gp67; when tested with E 70 -quint, gp67 reduced transcription by only ϳ22%, and when tested with E␣⌬CTD 70 -quint, gp67 had a somewhat larger effect, reducing transcription by ϳ42% ( Fig. 2C ; see also Fig. S4C in the supplemental material) . These results indicate that different promoters are differentially sensitive to gp67 and, importantly, that gp67 does not interfere with holoenzyme formation.
We wondered whether or not the addition of an UP element to P R= would confer gp67 sensitivity on this promoter. To test this possibility, we fused the rrnB P1 UP element to the P R= core promoter, but we found that the UP element did not increase transcription from this promoter. However, when we created a P R= variant (designated P R= *) with a weakened Ϫ35 element (TTGACT to TTGATA), we were able to detect a modest (ϳ3-fold) stimulatory effect of the appended UP element (see Fig. S5A in the supplemental material). We then tested the effect of gp67 on transcription from this weakened P R= variant with either the native P R= upstream sequence or the UP element; like the wild-type P R= template, these modified templates bore the consensus extended Ϫ10 promoter in the P R= transcribed region. We found that gp67 inhibited transcription from these P R= derivatives as much as 3.7-
FIG 2 UP element-independent effects of gp67 on transcription in vitro from
promoter rrnB P1. Multiround transcription assays were performed with supercoiled plasmid templates containing the indicated promoter (rrnB Ϫ41, rrnB Ϫ61, or P R= ). The template containing the P R= promoter also contains the extended Ϫ10 promoter (extϪ10). The templates also contain the RNA-I promoter within the plasmid origin of replication. The transcription assays were performed with E. coli RNAP (4 nM) reconstituted with the 70 quintuple mutant (40 nM). For each promoter, the amount of transcription detected in the presence of gp67 (at either 50 nM or 100 nM) was normalized to that observed in the absence of gp67, which was set to 100%. Representative gels are shown in Fig. S4 . The data shown in the graphs represent the results of at least three independent experiments that were quantified by phosphorimaging and averaged (error bars indicate standard deviations). Assays were performed with the RNAP holoenzyme containing either wild-type core (E 70 -quint) (dark shaded bars) or ␣⌬CTD core (E␣⌬CTD 70 -quint) (light shaded bars). (A and B) Effects of gp67 on transcription from the rrnB P1 core and full promoters. The inhibitory effects of gp67 on transcription from the rrnB Ϫ41 promoter (A) and the rrnB Ϫ61 promoter (B) were only modestly dependent on the ␣CTD (compare the WT core with the ␣⌬CTD core). In contrast, the inhibitory effect of gp67 on transcription from the RNA-I promoter was almost completely dependent on the ␣CTD. (C) Effect of gp67 on transcription from the P R= promoter. gp67 exerted only a weak inhibitory effect on transcription from the P R= promoter and no inhibitory effect on transcription from the associated extended Ϫ10 promoter.
fold and that this inhibitory effect was essentially independent of the ␣CTD ( Fig. 3A and B ; see also Fig. S5A and B in the supplemental material); in fact, in the case of the UP element-containing derivative, the magnitude of the inhibitory effect was slightly larger when transcription was assayed with E␣⌬CTD 70 -quint (Fig. 3B) . In these assays, we found that transcription from the extended Ϫ10 promoter increased in the presence of gp67. We suspected that this apparent stimulatory effect of gp67 was due to promoter competition, because the extended Ϫ10 promoter is only 30 bp downstream of P R= (see Fig. S1 in the supplemental material). To eliminate the potential for competition, we inactivated P R= , leaving only the extended Ϫ10 promoter intact (see Fig.  S1 ). As expected, gp67 had no effect on transcription from the extended Ϫ10 promoter when the template was modified in this manner ( Fig. 3C ; see also Fig. S5A and B in the supplemental material). These experiments reinforce our conclusion that gp67 can exert inhibitory effects on transcription that are independent of the ␣CTD. Furthermore, because we found that weakening the Ϫ35 element can enhance the sensitivity of a promoter to gp67, we suggest that gp67 can compromise the ability of 70 4 to engage in optimal interactions with the Ϫ35 element.
Effects of gp67 on ؊35 element binding. To examine the potential of gp67 to modulate the binding of 4 to the Ϫ35 element, we employed a bacterial one-hybrid assay that enables the detection of an interaction between 70 4 and the Ϫ35 element (29) . In this system, interaction between 4 fused to the ␣ subunit of RNAP and a consensus Ϫ35 element positioned upstream of the lac core promoter activates the transcription of a lacZ reporter gene ( Fig. 4A ; see also Fig. S6 in the supplemental material) . We therefore tested the effect of producing unfused gp67 in the onehybrid reporter strain containing either ␣-S. aureus (Fig. 4B) . We conclude that when bound to 4 , gp67 can compromise Ϫ35 element binding, at least in the context of the one-hybrid system, which detects the interaction between 4 and the Ϫ35 element in the absence of other potentially stabilizing interactions.
The previously determined crystal structure of gp67 in complex with S. aureus (5, 37) . However, in the gp67-S. aureus A 4 complex, R310 lies within a deep pocket of gp67, where it would be inaccessible to the DNA (22) . We suggest, therefore, that the inhibitory effect of gp67 on Ϫ35 element binding as detected in the one-hybrid assay might be due to the disruption of R310 (R554 in E. coli 70 ) contact with the DNA phosphate backbone. In agreement with this possibility, we found that replacement of this arginine by either alanine or aspartic acid in the context of either (Fig. 1A and Fig. 4D ), indicating that their effects on Ϫ35 element binding are not explained by nonspecific effects on fusion protein stability.
DISCUSSION
Here we describe an E. coli-based transcription system that is responsive to the transcription inhibitor gp67, encoded by S. aureus phage G1. Previous work conducted with S. aureus and with a native S. aureus-based transcription system revealed that gp67 selectively inhibits transcription from rRNA promoters and from a minority of other promoters that are proposed to depend on UP element-like sequences for full activity (22) . Furthermore, gp67 FIG 3 UP element-independent effects of gp67 on transcription in vitro from a weakened P R= promoter. Multiround transcription assays were performed with supercoiled plasmid templates, and the data were quantified, as described in the legend to Fig. 2. (A and B) Effects of gp67 on transcription from a weakened P R= promoter ( P R= *) without or with an appended UP element. The inhibitory effects of gp67 on transcription from the P R= * promoters were essentially independent of the ␣CTD. (C) Effect of gp67 on transcription from the extended Ϫ10 promoter. gp67 had no stimulatory effect on transcription from the extended Ϫ10 promoter when the competing P R= promoter was inactivated (see the text).
was found to disrupt the contacts of RNAP with upstream DNA (22) . The E. coli-based system enabled us to take advantage of specific well-characterized reagents developed in order to study UP element-dependent transcription, including the ␣⌬CTD-RNAP core enzyme and a model rRNA promoter (rrnB P1) with or without its associated UP element. Our findings revealed a strong inhibitory effect of gp67 on rrnB P1 transcription, but unexpectedly, this effect was not dependent on the UP element and was largely independent of the ␣CTD. Contrasting results were obtained with another previously studied Ϫ10/Ϫ35 promoter (RNA-I), which lacks an UP element. In this case, gp67 exerted a strong inhibitory effect on transcription, which was, however, almost completely dependent on the ␣CTD. We note that both the rrnB P1 and RNA-I promoters have suboptimal Ϫ35 elements (see Fig. S1 in the supplemental material), indicating that this characteristic alone is not sufficient to explain the ␣CTD-independent effect of gp67 on rrnB P1 transcription. Taken together, our findings with these and several other promoters indicate that gp67 can exert ␣CTD-independent effects on transcription, which we suggest are mediated through 4 . At the same time, our findings with the RNA-I promoter illustrate the use of gp67 as a tool that can reveal sequence-nonspecific effects of the ␣CTD on promoter activity.
Sequence-specific and sequence-nonspecific interactions of the ␣CTD with upstream promoter DNA. The UP element was originally identified in the context of the E. coli rrnB P1 promoter, where it was shown to function as a binding site for the ␣CTD, increasing transcription substantially both in vitro and in vivo (15) . Although the ␣CTD is essential for cell viability, the demonstration that a transcriptionally active ␣⌬CTD-RNAP that retains the ability to recognize core promoters could be reconstituted in vitro provided a critical tool for demonstrating the ␣CTD dependence of UP element utilization. Thus, unlike wild-type RNAP, the ␣⌬CTD-RNAP cannot distinguish between otherwise identical promoters bearing or lacking an UP element (15) . However, evaluation of the potential contribution of sequence-nonspecific interactions of the ␣CTD to promoter activity is less straightforward than evaluation of the potential contribution of sequence-specific interactions of the ␣CTD to promoter activity because of the need to control for possible activity differences between the wild-type and mutant enzyme preparations when one is performing transcription assays with wild-type RNAP and the ␣⌬CTD-RNAP. Kinetic studies provide one way to circumvent this difficulty, and the results of such an analysis performed with two well-characterized promoters that lack UP elements revealed a substantial effect of sequence-nonspecific interactions of the ␣CTD with upstream promoter DNA on the rate of RNAP association, raising the possibility that the ␣CTD contributes to transcription initiation at all promoters (33) . Our finding that gp67 inhibits transcription from the RNA-I promoter in a manner that depends on the ␣CTD provides support for the idea that sequence-nonspecific interactions of the ␣CTD with upstream promoter DNA can contribute to promoter function. Comparison between the effects of gp67 in the context of S. aureus RNAP and in the context of E. coli RNAP. Despite binding to 4 in the context of the RNAP holoenzyme, gp67 did not appear to inhibit Ϫ35 element recognition when tested in a native S. aureus-based transcription system (22) . Instead, the evidence suggests that gp67 exerts its effect on S. aureus transcription indirectly, by disrupting interactions of the ␣CTD with upstream promoter DNA (22) . In contrast, however, when tested with our modified E. coli RNAP, gp67 inhibited transcription from the rrnB P1 promoter (with or without its UP element) in a manner only partially dependent on the ␣CTD. In particular, the use of the ␣⌬CTD-RNAP enabled us to show that gp67 inhibited transcription from the rrnB P1 promoter even in the absence of the ␣CTD. Similarly, gp67 exerted ␣CTD-independent inhibitory effects on transcription from a weakened version of the late promoter P R= with or without an UP element appended. Importantly, however, gp67 did not inhibit Ϫ35 element-independent transcription from a consensus extended Ϫ10 promoter in the E. coli system, indicating that its effects on transcription from Ϫ10/Ϫ35 promoters are specific and are not due to 70 sequestration. We suggest that in our modified E. coli-based system, gp67 exerts effects on Ϫ35 element binding as well as effects on upstream DNA interactions with the ␣CTD. We consider several possible explanations for the apparently more restrictive action of gp67 on transcription in the S. aureus system. As noted above, the crystal structure of the gp67/S. aureus A 4 complex reveals that only 1 of 10 conserved A residues that make direct contact with Ϫ35 element DNA lies at the gp67-A 4 interface (22) . This residue, S. aureus A R310 (corresponding to E. coli 70 R554), is seen to contact a DNA phosphate just upstream of the Ϫ35 element (at position Ϫ36) in two high-resolution crystal structures of 4 in complex with Ϫ35 element DNA (5, 37). Furthermore, we have shown that this contact contributes to the stability of Ϫ35 element binding as assayed in our one-hybrid system using either an ␣-S. aureus coli and S. aureus systems is that this conserved arginine residue contributes more significantly to promoter binding in the context of the specific E. coli promoters we examined than in the context of most S. aureus promoters.
A second possible explanation for the more restrictive action of gp67 on transcription in the S. aureus system involves potential interactions of gp67 with promoter DNA. In particular, we suggest that sequence-independent interactions of gp67 with the DNA upstream of the Ϫ35 element may, depending on the context, compensate for the loss of the contact between S. aureus A R310 (E. coli 70 R554) and the phosphate backbone. In support of this possibility, a model of the gp67/ A 4 complex bound to promoter DNA in the context of the RNAP open complex reveals that the gp67 N-terminal domain presents a very basic molecular surface to the DNA just upstream of the Ϫ35 element (22) . If gp67 indeed has the potential to make stabilizing interactions with the DNA, then that activity may be optimized in the context of the S. aureus RNAP holoenzyme and/or may be highly dependent on promoter context. Finally, we note that structure-based modeling of the gp67/ RNAP holoenzyme/open promoter complex revealed a minor clash with DNA at the downstream end of the Ϫ35 element (22) , suggesting a third possible explanation for the difference between the actions of gp67 in the E. coli and S. aureus systems. Although only small rearrangements in either the protein or the DNA would be required to relieve this clash, which involves the helical tower of the gp67 C-terminal domain (22) , it is possible that these accommodations are more readily made in the context of the S. aureus RNAP holoenzyme.
Phage-encoded transcription regulators as probes of RNAP function. Because bacteriophages typically depend on the host multisubunit RNAP for the transcription of at least a subset of their genes, they often encode regulators that enable them to subvert the cellular transcription program and compete effectively for components of the transcription machinery. In particular, phageencoded inhibitors of cellular transcription can bias transcription away from highly transcribed cellular genes to facilitate the transcription of the phage genome. Such inhibitors, which can be thought of as promoter selectivity factors, can potentially be used as tools for promoter classification. In S. aureus, a global transcriptome analysis identified a subset of cellular promoters that are particularly sensitive to the inhibitory action of gp67 (22) . Performing an analogous analysis in a suitably modified strain of E. coli would reveal whether or not the effects of gp67 are more widespread in E. coli and would aid in the identification of promoter characteristics that specify gp67 susceptibility in both the presence and the absence of the ␣CTD.
